of Haberman et al. (2009) and Haertel (2004, 2014) have focused on equating results. Although both studies assume that anchor items are chosen at random from a large infinite pool and use IRT equating, they differ in their definition of equating accuracy and in methodology to measure equating variability. The equating error defined in Haberman et al. includes two sources of error: sampling of examinees and sampling of anchor items. They employed a double jackknife, which applies simultaneously to examinees and to anchor items. Michaelides and Haertel, however, considered only the effect of selection of anchor items. Variability due to sampling of examinees is ignored. They used both the delta method and bootstrapping to estimate equating variability. All these equating studies find effects of sampling of anchor items.
Although it is easy to find studies of observed-score equating in which SEE is computed, it appears quite difficult to find studies of effects of item sampling on observed-score equating. In this paper, jackknifing is employed to examine such effects for two observed-score equating methods: poststratification equating (PSE) and chained equating (CE). This study also considers the impact of differences between populations, equating methods, and anchor test length. Previous studies have shown that equating methods and anchor test length can affect SEE, whereas differences between populations do not have much impact on SEE (e.g., Puhan, 2010; Wang et al., 2008) . It is clearly of interest to evaluate these factors in terms of sampling of anchor items.
Real data from a testing program will be used to examine variability in this study, and anchor length will be manipulated to illustrate the effect of this factor. The jackknifing method and the data will be briefly described in the following two sections. Results will be obtained for the examples under study, and conclusions will be provided in the final section. This investigation will clearly have the limitation that not all observed-score equating methods are considered, and results for other testing programs may be quite different. Nonetheless, a general methodology for examination of equating results does apply to examples other than those presented here to illustrate methodology.
Method Jackknifing
Jackknifing is a resampling technique that may be used for estimation of variances of sample statistics (Efron, 1981; Miller, 1964 Miller, , 1974 Shao & Tu, 1995; Wolter, 1985) . In this resampling approach, estimates are computed for all observations and for subsets of observations. The variability of estimates for subsets is then used to estimate the variance of the estimate based on all data. To describe jackknifing, consider n ≥ 2 independent and identically distributed random variables or random vectors X i for i from 1 to n. Let a parameter have an estimatêbased on all the X i . Let C be a family of subsets of the integers 1 to n with n − k elements for a positive integer k < n, and, for A in C, let̂A be the corresponding estimate of based on all X i such that i is in A. In jackknifing, the estimateŝA for A in C are used to estimate the asymptotic variance of̂. In the simplest case, delete-1 jackknifing, k = 1 and C consists of all subsets of the integers 1 to with n − 1 elements.
The variance of̂is estimated bŷ2
The nonnegative squarêC of̂2 C is then the estimated standard deviation of̂ (Miller, 1964 (Miller, , 1974 . This form of jackknifing can be applied to sampling of anchor items, although for use with passages, it is helpful to regard the sampling as by sets of anchor items rather than by individual anchor items. In cases in which anchor items are internal, anchor items are removed from the anchor set but not from the two tests. The parameter of interest may be a mean of equated scale scores, a conversion of a given raw score to an equated raw score, or a conversion of a given raw score to an equated scaled score. In practice, there are two main areas of concern. In real life, items or groups of items are not randomly sampled due to the existence of test specifications. The large-sample approximations on which jackknifing is based are most straightforward to verify when the parameter under study can be regarded as a twice continuously differentiable function of some vector of anchor characteristics. It is reasonable to believe that the conditions for jackknifing are relatively well satisfied, although there is also some concern because of the size of typical anchor sets. The measurêC will be used as a measure of anchor stability. Smaller values are obviously preferable to larger values.
Equating Methods
To examine effects of equating method on the effect of item sampling in anchor sets, this study considers two observedscore equating methods used for a NEAT design: PSE and CE (Holland & Dorans, 2006; Kolen & Brennan, 2004) . In all approaches, a raw score on the new form is converted to an equated raw score on the old form and the raw-to-scale conversion from the old form is applied to yield a conversion of the raw score on the old form to an equated scale score on the old form. In practice, the frequency tables of raw scores on both the new forms and the old forms were presmoonthed using a log linear model.
Poststratification Equating (PSE)
In this scenario, PSE uses the anchor test A to estimate the distribution of X and the distribution of Y on a synthetic population T which is a mixture of P and Q. Once the distributions of X and Y are determined on T, linking methods for randomly equivalent groups are used to convert scores on the new form to scores on the old form.
Chained Equating (CE)
Here, CE uses the anchor A as a link. It first links X to A on P, and then links A to Y on Q. The two linking functions are then chained together to produce a conversion of X to Y.
Sampling of examinees and sampling of anchor items are different sources of equating error. To compare the magnitude of equating error due to sampling of anchor items to SEE, jackknifing on examinees was employed. For SEE, no items were jackknifed from the anchor test. The examinees with each test were randomly assigned into 51 nearly equal groups. Here 51 is an arbitrary number. 1 The 51 groups were treated as if they were individual observations, and jackknifing was performed on the groups (Miller, 1964) . The further step of double jackknifing (Haberman et al., 2009) was not attempted, mainly because of the very large difference in magnitude of the standard error related to sampling of anchor items and the standard error related to sampling of examinees.
Data
Two scenarios from a large-scale testing program are considered. In each scenario, two test forms are used. Each test form has 100 right-scored multiple-choice items. To avoid identifying the testing program, the normal reporting scale is transformed to be all integers from 2 to 100. Both scenarios use the NEAT design with internal anchors. Example 1 represents a situation where the difference between the new group and the reference group was small, whereas Example 2 represents a situation where the difference was large. Example 1 has fixed anchor test length, whereas Example 2 allows us to manipulate the length of the anchor test.
Scenario 1: Small Population Difference
In the first example, data came from the same district, but at two different time points (less than a year). The anchor set contained 30 items originally selected by test developers. It is referred to as A1 in this study. A total of 39,967 examinees took the new form and 25,158 examinees took the reference form. Table 2 shows the summary statistics on the total test and on the anchor set. In this example, the new group was less able than the reference group by 0.09 standard deviations.
The correlation between the anchor set and the total test was around 0.92.
Scenario 2: Large Population Difference
The new group in Example 1 was used as the reference group in Example 2. A sample of examinees from another district was used as the new group. They took the same test form at the same time. Though it was the same form, we treated them as separate forms, X and Y, in this study. This gave us the flexibility in deciding the number of items in the anchor test. The same anchor test A1 was used in Example 2. We also picked another 30 items by approximating the content and statistical specifications. The new anchor test is referred to as A2 in the study. In this example, a total of 139,592 examinees took Form X and 39,967 examinees took Form Y. Figure 1 shows their raw score distributions on the total test and the two anchor tests. The y-axis shows the percentage of examinees at each raw score level. All three scores (total test, A1, and A2) Figure 1 Raw score distributions on the total test and anchor sets in Scenario 2. P = new form sample; Q = reference form sample. Note. The standard mean difference is .38 and is defined as
The variance ratio is .87 and is defined as var(V P )/var(V Q ). Note. The standard mean difference is .47 and is defined as
The variance ratio is .90 and is defined as var(V P )/var(V Q ). suggest that the raw scores of the new group have a distribution that is negatively skewed, whereas the scores of reference group are approximately normally distributed. Tables 3 and 4 present the descriptive statistics of examinees' raw scores on the total test and their anchors in Example 2. Both anchor sets A1 and A2 suggest that the new form group was much able than the reference group in this example. The correlations between the anchor sets and the total test were 0.92 and 0.98 for A1 and A2, respectively. Note that in A1, the first 12 items were individual items; the other 18 items were testlet-based items. The size of a testlet was three. To avoid the possible issue of item dependence within a testlet, we used testlet as the unit for jackknifing. Every three adjacent individual items were grouped as a testlet. There were 10 testlets in A1 and 20 testlets in A2.
Thus, we have three equating conditions in the above two scenarios. They are listed in Table 5 . The three equating conditions are (a) small population difference with the short anchor set A1, (b) large population difference with the short anchor set A1, and (c) large population difference with the long anchor set A2. Comparing the results of (a) and (b), we learn the impacts of population difference; comparing the results of (b) and (c), we learn the impacts of length of the anchor test. In each equating situation, two equating methods are carried out. Comparing the two equating results under the same equating condition, we can learn the impacts of equating methods. These comparisons are obviously limited. They apply to only a few forms from a particular testing program, but they do illustrate general issues. Note. CE = chained equating; PSE = poststratification equating.
Results

Scenario 1: Small Group Population Difference
Total Group Mean Table 6 displays the average of the estimates of total group mean and standard errors using the jackknifing technique. The two equating methods produce similar equating results: they have similar average total group means and similar standard errors. In a typical administration, the standard error of measurement (SEM) is about 5 scale score points. Thus, the standard error of jackknifing anchor items is about 10% of SEM.
Conversions of Raw Scores to Equated Raw Scores
The detailed estimate conversions of raw to equated raw scores produced by CE and PSE using jackknifing are not presented here. The general observation is that with negative proficiency difference between populations, conversions from CE are higher than from PSE on the top and the bottom of the scale but are lower in the middle of the scale. With more examinees in the middle of the scale, it is natural that PSE has a higher average total group mean than CE. Figure 2 plots the standard error of the conversions for jackknifing anchor items. Because few examinees scored below chance level (raw score of 26), estimation of conversions is not stable, so standard errors are high. These standard errors are not plotted. In the plot, more standard errors are observed in the middle of the scale than at the two tails. The standard errors of both CE and PSE are slightly larger than 0.5 in the middle of the scale, where 0.5, half the difference between adjacent raw scores, is the difference that matters (DTM; Dorans & Feigenbaum, 1994; Holland & Dorans, 2006) . This indicates that some effects of anchor item sampling are observed in the middle of the scale. Comparing the standard errors of the two equating methods, they are close to each other for most score points not at the two extremes. At all score ranges, CE is slightly higher than PSE if they differ appreciably. Figure 3 plots the standard errors of the conversions of raw scores to equated scale scores. Given that few examinees scored below chance level, their standard errors are not presented in the plot. Above chance level, the standard errors of rawto-scale conversion show similar pattern as the standard errors in raw-to-raw conversions: PSE and CE produced similar standard errors of anchor item sampling at the two extremes. In the middle of the scale, CE has slightly higher standard errors than PSE. Both are larger than 0.5. Table 7 displays the average group mean estimate and its standard error using the jackknifing technique. With the same anchor test, the two equating methods produce similar total group mean estimates and standard errors. The small differences between CE and PSE with the same equating conditions are expected because of the large proficiency differences between populations. When jackknifing items, the anchor test length did have an impact on the total group mean estimate and its standard error. The total group mean estimate's difference between A1 and A2 is about 2 points, which is not trivial compared to the standard deviations of a typical administration (around 17). The long anchor test A2 has a smaller standard error for the average estimated mean of the total population. When jackknifing examinees use the complete anchor test A1, both CE and PSE give average total group means close to those from jackknifing anchor items with A1. However, their standard errors are far smaller than from jackknifing anchor items: The standard error of jackknifing examinees is only about 0.1, whereas the standard error of jackknifing anchor items is about 1. Compared to the SEM of 5, the standard error of jackknifing examinees for the estimated total group mean is about 2% of the SEM, whereas the standard error of jackknifing anchor items is about 20% of the SEM. Figure 4 The standard errors of raw-to-raw conversions in Scenario 2. CE _A1 represents raw-to-raw conversions obtained through chained equating (CE) after jackknifing anchor items in A1; PSE_A1 represents raw-to-scale conversions obtained through poststratification equating (PSE) after jackknifing anchor items in A1. CE _A2 represents raw-to-raw conversions obtained through CE after jackknifing anchor items in A2; PSE_A2 represents raw-to-scale conversions obtained through PSE after jackknifing anchor items in A2. CE_P represents raw-to-raw conversions obtained through CE after jackknifing examinees using A1; PSE_P represents raw-to-scale conversions obtained through PSE after jackknifing examinees using A1. Figure 4 plots the standard error of conversions of raw scores to equated raw scores for raw scores above chance level in Scenario 2. In the case of jackknifing anchor items, the standard error lines representing CE and PSE both are of parabolic shape, whereas the largest SEE is observed in the middle of the scale. This finding indicates less equating accuracy in the middle of the scale. With A1, the standard error line representing CE is constantly above the line representing PSE, indicating that the standard error of CE is slightly higher than that of PSE. With A2, the standard error lines of CE and PSE are closely together. The standard error lines (both CE and PSE) of A1 are above those of A2, indicating that A1 has a larger standard error than A2. The differences are larger in the middle of the scale. The standard error lines of jackknifing examinees (both CE and PSE) are relatively flat and close to the zero line. This indicates that the standard errors due to sampling of examinees are very small. The standard errors due to anchor item sampling of both CE and PSE under both anchor tests are larger than DTM except at the very top of the scale. Figure 5 plots the standard errors of the conversions of raw scores to equated scale scores for raw scores above chance level. They show similar patterns as the standard errors in raw-to-raw conversions. Variability due to item sampling is larger with A1 than with A2. Under both A1 and A2, standard errors are large for both CE and PSE except at very high scores. When sampling examinees, the lines representing CE and PSE are flat and close to the zero line, indicating small effects of sampling examinees.
Conversions of Raw Scores to Equated Scale Scores
Scenario 2: Large Population Difference
Total Group Mean
Conversion of Raw Scores to Equated Raw Scores
Conversions of Raw Scores to Equated Scale Scores
Summary and Discussion
This study applies the jackknifing methods to address the issue of anchor stability. The studied factors include the equating methods, proficiency difference, and length of anchor test. Additionally, this study compares the magnitudes of equating errors due to two sources: sampling of anchor items and sampling of examinees (Scenario 2).
Figure 5
The standard errors of raw-to-scale conversions in Scenario 2. SSCE_A1 represents raw-to-scale conversions obtained through chained equating (CE) after jackknifing anchor items in A1; SSPSE_A1 represents raw-to-scale conversions obtained through poststratification equating (PSE) after jackknifing anchor items in A1; SSCE_A2 represents raw-to-scale conversions obtained through CE after jackknifing anchor items in A2; SSPSE_A2 represents raw-to-scale conversions obtained through PSE after jackknifing anchor items in A2; SSCE_P represents raw-to-scale conversions obtained through CE after jackknifing examinees with A1; SSPSE_P represents raw-to-scale conversions obtained through PSE after jackknifing examinees with A1.
Impact of Equating Methods
In Scenario 1, the two equating methods produce similar average estimates of total group mean and similar standard errors. In Scenario 2, with the same anchor test (A1 or A2), PSE and CE produce different average total group means but similar standard errors. For all conversions, the standard error line of CE is slightly higher than that of PSE with the same anchor test, A1. As the anchor test length increases, the standard error lines of CE and PSE become closer. Thus, we may conclude that the impact of equating methods (PSE or CE) to the standard error of total group mean estimate is limited and its impact to the standard errors of conversions is small. This finding agrees with previous findings by random sampling examinees (e.g., Wang et al., 2008) .
Impact of Length of Anchor Test
In Scenario 2, the length of the anchor test was manipulated. We found that longer anchor sets produce smaller standard errors of total group mean estimates and of conversions. The difference is bigger in the middle of the scale. The results are expected because, similar to sampling of examinees, the larger the sample size is, the smaller the equating error is. A caution is that increasing the length of anchor set has its limitations in reducing the effects of sampling of anchor items. In Example 2, A2, which doubled the length of A1, still shows large effect of sampling of anchor items in the middle of the scale.
Impact of Population Differences
Scenario 1 represents a situation where the new form sample and the reference sample are from similar populations, whereas Scenario 2 represents large population differences between the samples for the new form and the reference form. Both examples come from the same testing program; however, with the same anchor set A1, the standard errors of the total group mean estimate under Scenario 2 are almost 2 times the size in Scenario 1; the standard errors of the conversions (raw to raw and raw to scale) in Scenario 2 are 3 times the size in Scenario 1 in the middle of the scale. Thus, large population differences may impact the measure of anchor stability (i.e., equating results based on large population differences may be less stable than those for small population differences). A caution is that in this study the populations may differ not only in proficiency but also in other population characteristics.
Anchor Item Sampling Versus Examinee Sampling
In Scenario 2, jackknifing was used to find the traditional SEE due to sampling of examinees. Comparison with operational equating results and with standard errors observed in Liou and Cheng (1995) indicate the reasonableness of using jackknifing to estimate the traditional SEE, although using jackknifing is more costly than the asymptotic approach. Due to the large sample sizes in both X and Y (Tables 3 and 4) , the effect of examinee sampling in this study is close to zero and can be ignored when reporting scores. However, as expected, all the equating results (total group mean estimate, raw-toraw conversion, and raw-to-scale conversion) show that in this study the standard error of anchor item sampling is much larger than that of examinee sampling. Most importantly, comparing with SEM, the effect of anchor item sampling show large effects and probably cannot be ignored in score reporting. Two contrasts were found when comparing results of the current study to those in Michaelides and Haertel (2004, Figure 6 ) and Haberman et al. (2009) . In our study, when jackknifing anchor items more variability was observed in the middle of the scale for the conversions for both Scenario 1 and Scenario 2. In Michaelides and Haertel (Figure 6 ), more accuracy was observed at the center and less accuracy was observed at the extremes. This result probably reflects use of mean/sigma scale transformation method by Michaelides and Haertel in their IRT true score equating. With the mean/sigma method, "The further a point lies from the mean of the observation, the more uncertainty there is in the prediction of the dependent variable" (Michaelides & Haertel, 2004, p. 14) . Haberman et al. (2009, Table 2 ) apply IRT true score equating as in Stocking and Lord (1983) to much smaller samples than considered in this study, so that a substantial fraction of equating error is due to sampling examinees, and some modest additional error results from sampling of items. Overall equating errors are somewhat smaller than found in our study.
Scenario 2 illustrates the challenges of linking forms administered to very different populations. In practice, psychometricians typically conduct equating with similar proficiency and demographic distributions. The large measure of anchor stability may be a warning that large population differences are likely to be associated with large variability of equating results due to sampling of anchor. In such cases, comparison of performance of anchor items on the two forms becomes important.
Measures of anchor stability should be considered more widely than is often the case in routine equating practice. In Scenario 1, the measure of anchor stability is about 10% of SEM; in Scenario 2, the measure of anchor stability is about 20% of SEM. Although SEM is often a required element in most tests' technical reports, such a reporting practice is much less common for measurement of anchor stability. The results here show that the selection of anchor items can be an additional source of equating variability. Effects can be rather large and thus cannot be ignored in score reporting, a result consistent with Sheehan and Mislevy (1988) , who found that uncertainty of the linking step can be a major source of estimation error for aggregated statistics such as total group means. Sheehan and Mislevy also used jackknifing procedures to measure the uncertainty of the linking step. However, the NAEP test in Sheehan and Mislevy and the language test in this study differ in their instruments and their population. The NAEP test is designed to measure student academic progress over time. It has a homogeneous test population from year to year. The language test is designed to measure individual student's language proficiency. As in Scenario 2, it can be taken by rather heterogeneous subpopulations. Thus, the causes for the large anchor stability effect found in Scenario 2 are not necessarily true for Sheehan and Mislevy's large variability of their linking step. Therefore, if test practitioners find large measure of anchor stability, they need to investigate possible causes and possible implications.
This study also investigated three factors that could affect the measure of anchor stability: proficiency difference, equating method, and length of anchor test. Among these three factors, equating method had the least impact in the cases studied. Length of anchor test length did have some impact. Large population difference had the largest observed impact. Factors influencing stability of anchors did not operate independently. On the other hand, the results also show that the factors are related to each other. For example, when ability difference is large, the equating method shows differences on the measure of anchor stability. The directions of the impacts are similar to those when sampling examinees.
By showing a large effect of anchor sampling in this study, especially in Scenario 2, we want practitioners to be aware of this possible source of variability in equating results. The measure of anchor stability proposed in this study can be part of a routine evaluation of the effectiveness of operational equatings. If the anchor stability is rather weak, then practitioners may need to evaluate further test assembly, test administration, and statistical analysis processes for possible causes.
Using real data, this study demonstrates the possible large effects of sampling of anchor items even when the number of examinees is quite large. Future studies can also replicate this study with equatings using small samples. Other than the three studied factors (ability difference, anchor test length, and equating method) in the study, factors such as the method of test assembly, the size of the pool of anchor items, and the contents of an item pool can also affect equating. Future studies can use simulations or other data to examine the impact of different factors (e.g., ability difference, length of anchor test, equating method, and size of item pool). More importantly, researchers and psychometricians need to find effective ways to reduce the impact of anchor item sampling.
